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some duplications (Lobachev et al., 2002). Using a sim-
ilar approach, Lemoine et al. went on to show that the
limited replication generated a DSB hotspot in the re-
gion of the inverted Ty elements. The reason(s) that
altered replication has this effect remains unknown, al-
though potential opportunities for intrastrand self-pair-
ing and cruciforms are suggested in the synergistic ge-
netic interaction between altered replication and
inverted repeat ARMs (Lemoine et al., 2005; Lobachev
et al., 1998). The replication-associated fragile sites in
yeast have implications for human cells. Much of the
human genome contains repeated DNAs. For example,
Alu's account for as much as 10% of the human DNA
and they are frequently closely spaced and inverted,
albeit diverged (see references in Lobachev et al.,
2002).
It will be interesting to learn more about how replica-
tion defects lead to chromosome aberrations that are
not IR associated, the roles for DNA replication and re-
pair genes that have human homologs such as RAD54,
RAD51, and the MRE11, although reductions in DNA
polymerase δ appeared to have little effect on the IR-
associated fragility. Surprisingly, overexpression of
DNA polymerase α also increased Chr III associated
changes, possibly by titrating out other replication
components. This is reminiscent of decreased mis-
match repair when the Msh3 component of the mis-
match repair complex is overexpressed (Drummond et
al., 1997). The results obtained with changes in expres-
sion implicate a finely tuned balance of at least some
DNA metabolic proteins in genome stability. Possibly,
cell-to-cell variation of these proteins or agents that
lead to even modest changes in replication may be po-
tential sources of chromosome aberrations, especially
in the presence of ARMs of potential destruction.
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Intercalation of cells is an evolutionarily conserved
strategy used for a variety of developmental pro-
cesses in animals. In this issue of Cell, Fu et al. have
uncovered an elaborate Rho GTPase-mediated mech-
anism by which cytoskeletal-dependent intercalation
of Arabidopsis leaf cells is achieved, suggesting that
conserved Rho GTPase signaling pathways may simi-
larly regulate tissue morphogenesis in animals and
plants.
During animal development, a subset of embryonic
cells rearranges themselves in order to elongate the
embryo along the anterior-posterior axis while simulta-
neously narrowing the perpendicular axis. This phe-
nomenon, termed “convergent extension” (CE), is ob-
served during vertebrate gastrulation and neurulation,
as well as during germband extension of the Drosophila
embryo and elongation of the C. elegans embryo (Kel-
ler, 2002; Wallingford et al., 2002). Interestingly, while
this basic developmental theme has been highly con-
served through evolution, the mechanisms by which
the rearrangement of embryonic cells proceeds in each
setting can be quite distinct (Keller, 2002; Wallingford
et al., 2002). At the cellular level, rearrangement can
involve directional cell movements, polarized remodel-
ing of cell-cell junctions, cell shape changes, and polar-
ized membrane protrusive activity, and in many cases
CE is associated with the intercalation, or interdigita-
tion, of cells (Keller et al., 2000). At the molecular level,
numerous proteins have been implicated in these re-
arrangements, including components of the noncanoni-
cal Wnt signaling pathway, the cell-cell junctional ma-
chinery, and the Rho family of small GTPases (Keller,
2002; Tahinci and Symes, 2003; Wallingford et al.,
2002). Accumulating evidence also indicates an impor-
tant role for polarized localization of cytoskeletal com-
ponents, such as nonmuscle myosin, in intercalating
cells (Baum, 2004; Nikolaidou and Barrett, 2005).
In this issue of Cell (Fu et al., 2005), Fu et al. have
elucidated a Rho GTPase-mediated regulatory mecha-
nism that produces the jigsaw-like appearance of Arab-
idopsis leaf pavement cells (Figure 1). These epidermal
cells exhibit an interlocked arrangement that results
from the interdigitation of adjacent cells through the
formation of complementary lobes and indentations
and resembles the intercalation process often ob-
served during CE in animals. Previous studies had re-
vealed an important role for the actin and microtubule
cytoskeleton in pavement cell morphogenesis (Fu et al.,
2002). Thus, highly organized microtubules (MTs) pre-
sent within the indentations (necks) are believed to re-
strict neck widening, whereas fine actin microfilaments
(MFs) at the cell cortex in regions of initiating lobes are
thought to promote their outgrowth. So, it was not sur-
prising to find a requirement for the evolutionarily con-
served Rho GTPases, which are established cytoskele-
tal regulators in invertebrate and vertebrate animals.
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571Figure 1. Regulation of Arabidopsis Leaf Pavement Cell Morphogenesis by ROP GTPases
(A) Electron micrograph of Arabidopsis leaf pavement cells illustrating their interlocked arrangement (courtesy of Dan Szymanksi, Purdue Uni-
versity).
(B) Immunofluorescent image of pavement cells revealing the lobes and indentations (necks) formed by their juxtaposed membranes.
(C) Schematic representation of the model proposed by Fu et al. to explain the role of ROP GTPases and their effectors (RICs) in leaf
morphogenesis. ROP2/4 GTPases, via activation of RIC4, promote actin microfilament formation in regions of growing lobes. At the same
time, the ROPs, via RIC1 binding, promote microtubule bundling at neck regions to restrict widening and sequester RIC1 at the plasma
membrane at sites of lobe initiation in order to prevent microtubules from organizing at those sites.In Arabidopsis, the Rho-like ROP2 and ROP4
GTPases are both expressed in leaves, and Fu et al.
initially determined that they are redundantly required
for normal pavement cell morphogenesis. Thus, genetic
disruption of both GTPases results in severely reduced
neck expansion and lobe formation, associated with
the accumulation of thicker MT bundles and reduced
MFs. To establish a link between the ROPs and MT or-
ganization, these investigators examined RIC1, a puta-
tive effector target of the activated ROPs that localizes
to MTs as well as the plasma membrane in leaves. RIC1
overexpression promoted MT bundling and suppressed
lobe formation, while RIC1 mutants exhibit wide neck
regions with reduced cortical MTs. Fluorescent reso-
nance energy transfer (FRET) analysis demonstrated
that RIC1 associates with activated ROP GTPase at the
plasma membrane and that genetic disruption of
ROP2/4 causes increased MT-associated RIC1. These
findings suggest that activated ROPs sequester RIC1
at the plasma membrane, resulting in its reduced MT
association and a reduction in MT bundling. Thus, the
ROP2/4-RIC1 interaction appears to antagonize RIC1’s
ability to organize MT-dependent narrowing of neck
morphology.
Another putative ROP effector, RIC4, is also ex-pressed in leaves and was examined for its potential
role in mediating the ability of ROPs to promote actin
MF formation. FRET analysis revealed that RIC4 local-
izes preferentially along the cell cortex with a distribu-
tion suggestive of potential sites of incipient lobe for-
mation and was found to colocalize with a mutationally
activated ROP2 GTPase at the cell cortex. Moreover,
RIC4 overexpression promotes the accumulation of fine
MFs without affecting MTs. Similarly, a RIC4 mutant re-
sulted in pavement cells with narrower necks and more
shallow lobes. These results suggested that RIC4 is a
ROP2/4 target required for lobe formation and lateral
cell expansion through its ability to promote MF for-
mation.
These findings indicated that two distinct signaling
outputs from the activated ROP2/4 GTPases play a crit-
ical role in pavement cell morphogenesis. A ROP-RIC1
interaction appears to antagonize MT bundling through
a mechanism in which ROP2/4 sequester RIC1 at the
plasma membrane, resulting in a widening of neck re-
gions. At the same time, a ROP-RIC4 interaction yields
increased formation of fine MFs required for lobe for-
mation. But, to produce the jigsaw-like appearance of
pavement cells with lobes and necks coexisting within
individual cells, there would seemingly be a need to
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572Ncoordinately control these two pathways of cytoskele-
Stal regulation. Indeed, these investigators identified a
Tmechanism of crossregulation in this system. First, they
determined that RIC1 inhibits the ability of the ROPs to W
2promote actin MFs. Thus, disruption of RIC1 results in
increased MFs while overexpression of RIC1 inhibits
D
MF assemble. Moreover, RIC1 overexpression antago-
nized the ROP2-RIC4 interaction in a spatially con-
trolled manner, consistent with a regulatory scheme in
which shared GTPase effectors antagonize each other.
However, a simple mechanism involving competitive in-
teractions between these two effectors with a common
ROP GTPase was ruled out, and instead it was demon-
strated that RIC1’s ability to antagonize the ROP-RIC4
interaction depends on its ability to promote MTs. Thus,
disruption of MTs leads to increased ROP-RIC4 interac-
tion. The mechanism by which MTs regulate ROP-RIC4
remains to be established.
Overall, these findings reveal a fascinating mecha-
nism of crosstalk between GTPase-mediated signaling
pathways that functions to coordinate cytoskeleton-
dependent morphogenesis in plants. The proposed
ROP-mediated pathways appear to account for the for-
mation of spatially distributed lobes and indentations
within individual leaf cells. However, the mechanism by
which adjacent cells communicate such that the in-
dentations of one cell are aligned with the lobes of its
neighbor remains unclear. Moreover, the nature of up-
stream signals that regulate the spatially localized acti-
vation of the ROPs in pavement cells has yet to be
established. Presumably, the guanine nucleotide ex-
change factors (GEFs), which function to activate small
GTPases, play an important role (Schmidt and Hall,
2002). In other systems, subcellularly localized activa-
tion of small GTPases has been linked to spatially dis-
tributed GEF activity, and the activation of at least
some GEFs results from their direct association with
cell surface receptors. Thus, it is possible that adjacent
pavement cells communicate via spatially distributed
cell surface receptors and corresponding ligands to
transduce signals to the ROP GTPases that coordinate
their alignment. Future studies that further elucidate the
upstream and downstream components of this GTPase
network will undoubtedly reveal an elaborate mecha-
nism of coordinated tissue morphogenesis that poten-
tially extends from developing plant leaves to gastrulat-
ing vertebrates.
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